Non-Universal Power Law of the "Hall Scattering Rate" in a Single-Layer Cuprate 

Bi 2 Sr 2 _ x La :I Cu0 6 
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In-plane resistivity, Hall coefficient, and magnetoresistance (MR) are measured in a series of high- 
quality Bi2Sr2- :E La a ;Cu06 crystals with various carrier concentrations, from underdope to overdope. 
It is found that the temperature dependence of the Hall angle obeys a power law T a with a system- 
atically decreasing with increasing doping, which questions the universality of the Fermi-liquid-like 
T 2 dependence of the "Hall scattering rate" . The systematics of MR indicates an increasing role of 
spin scattering in underdoped samples. 



PACS numbers: 74.25.Fy, 74.62.Dh, 74.72.Hs 

The peculiar normal-state properties of high-T c 
cuprates are generally considered to be the keys to elu- 
cidate the high-T c mechanism, since they give us a clue 
to clarify the nature of the strongly-correlated electronic 
state of the cuprates. To understand the underlying elec- 
tronic state of the cuprates, it is desirable to study the 
normal state at low temperatures jjj and to chase the 
systematic evolution thereof with carrier concentration 
PL Therefore, particularly useful system for the normal- 
state study is such a system where T c is relatively low 
and where the the carrier concentration can be changed 
in a wide range from underdope to overdope. 

A typical study in which a wide temperature window 
for the normal-state is desirable is the measurement of 
the temperature dependence of the scattering time. For 
example, the observation of the T-linear resistivity from 
10 K to 700 K in Bi 2 Sr 2 Cu0 6 (Bi-2201) @ had a strong 
impact, because it clearly demonstrated the dominance of 
the electron-electron interaction in the scattering mecha- 
nism. In high-T c cuprates, it has been discussed that the 
charge transport is governed by two different scattering 
times with different temperature dependences ac- 
cording to this "two-scattering-time" model, in-plane re- 
sistivity p a b is governed by the transport scattering time 
T tr (^T^ 1 ) and the Hall angle Or is governed by the 
"Hall scattering time" th (^T~ 2 ). However, this idea of 
"scattering-time separation" has not yet gained a com- 
plete consensus and there are other approaches to un- 
derstand the unusual normal-state transport properties 
Therefore, it would be useful to establish the tem- 
perature and doping range in which the T 2 behavior of 
the Hall scattering rate r^ 1 is observed. 

There are two widely-known cuprate systems which 
satisfy the requirements of the relatively low T c and 
the availability of a wide doping range; La 2 _ :c Sr :c Cu04 
(LSCO) system and Bi-2201 system. Bi-2201 has not 
been as intensively studied as LSCO, mostly because of 
the difficulty in obtaining high-quality single crystals. A 
number of problems have been known for Bi-2201 crys- 
tals: (a) the transport properties of B-2201 are quite 



non-reproducible even among crystals of nominally the 
same composition [p|dTl|; (b) the residual resistivity of 
the in-plane resistivity p a b is usually large (the smallest 
value reported to date is 70 pilcm |^Jri|), as opposed 
to LSCO, YBa 2 Cu 3 7 (YBCO), or Bi 2 Sr 2 CaCu 2 8 (Bi- 
2212), where the residual resistivity in high-quality crys- 
tals is negligibly small; and (c) the temperature de- 
pendence of the Hall coefficient is weak and thus the 
Hall angle 6 H does not obey the T 2 law 0Jl|], while 
Oh ~ T 2 has been almost universally observed in other 
cuprates ||. On the other hand, the Bi-2201 system 
has very attractive characteristics: it has been known 
for Bi-2201 that the carrier concentration can be widely 
changed by partially replacing Sr with La (to under- 
dope) or Bi with Pb (to overdope) |L2| ; at optimum dop- 
ing (Bi 2 Sr 2 _ 2; La a ;Cu06 with x~0.4), the maximum T c is 
about 30 K [jl2 13 1, which is lower than the maximum T c 
of LSCO. Therefore, if single crystals of sufficiently high 
quality are grown, this system would present an ideal 
stage for the systematic study of the normal-state prop- 
erties down to lower temperatures than in other cuprates. 

In this Letter, we report that it is possible to obtain 
a series of high-quality Bi-2201 crystals and show that 
in those high-quality crystals the normal-state transport 
properties display behaviors which are in good accord 
with other cuprates; for example, in the underdoped re- 
gion, p a b shows a downward deviation from the T-lincar 
behavior at a certain temperature which decreases with 
increasing doping and, in the overdoped region, T depen- 
dence of p a b changes to T n with n >1. What is new in 
this system is that the Hall angle indeed obeys a power 
law T a with cv~2, but the power a shows a systematic 
decrease towards smaller values as the carrier concentra- 
tion is increased. This finding of a systematic change of 
a in a relatively-simple single-layer cuprate system poses 
a serious question to the universality of the "Fermi-liquid 
like" T 2 behavior of the Hall scattering rate r^ 1 ||. An- 
other notable finding is that the ratio of the longitudinal 
magnetoresistance (MR) to the transverse MR increases 
systematically with decreasing carrier concentration, in- 
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dicating that a spin contribution to the MR gradually 
becomes significant as the sample becomes more under- 
doped. 

The single crystals of Bi2Sr2- x La 2; Cu06 (BSLCO) are 
grown using a floating-zone technique in 1 atmosphere 
of flowing oxygen. It is known that pure Bi-2201 is an 
overdoped system [Q. Since the La substitution to the 
Sr site reduces the number of holes, increasing La doping 
brings the system from overdoped region to underdoped 
region. We found that the La substitution results in a 
growth of crystals of better morphology compared to the 
pure Bi-2201. The actual La concentrations in the crys- 
tals are determined by the inductively-coupled plasma 
spectrometry (ICP) technique. Here we report crystals 
with x=0.24, 0.30, 0.44, 0.57, and 0.66, for which the 
zero-resistance T c is 24, 30, 33, 28.5, and 20 K, respec- 
tively. The inset to Fig. 1 shows the zero-resistance T c 
(and the mid-point T c ) as a function of x. Apparently, 
x~0.4 corresponds to the optimum doping, which is con- 
sistent with previous reports on BSLCO |[^,|l3). The on- 
set of the Meissner effect (measured with a commercially 
available Quantum Design SQUID magnetometer) for the 
optimally-doped crystals is 33 K. To our knowledge, this 
optimum T c is the highest value ever reported for Bi- 
2201 or BSLCO system. The ICP analysis found that 
our crystals are Bi-deficient by about 0.2, while Sr+La 
is almost stoichiometric; for example, the £=0.44 sample 
has the composition of Bi1.8Sr1.57Lao.44CuO64.5- 
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FIG. 1. T dependence of p a b of the BSLCO crystals. Inset: 
Tc as a function of La content x. The dashed lines are guide 
to the eyes. 

The crystals are cut into a rectangular shape with typ- 



ical size of 2 x 1 x 0.015 mm 3 . The thickness of the crys- 
tals are accurately determined by measuring the weight 
of the sample with 0.1 fig resolution; therefore, the un- 
certainty in determining the magnitude of the resistivity 
is less than ±5%. The crystals are annealed at 400°C 
for 30 minutes in flowing oxygen upon firing silver epoxy. 
We use a standard six-terminal method for simultane- 
ous magnetoresistance (MR) and Rh measurements, in 
which the data are taken with an ac technique in the 
sweeping magnetic field at fixed temperatures. The tem- 
perature is very carefully controlled and stabilized us- 
ing both a capacitance sensor and a Cernox resistance 
sensor to avoid systematic temperature deviations with 
magnetic fields. The stability of the temperature during 
the MR and Rh measurements is within a few mK. 

Figure 1 shows the temperature dependence of p a b for 
the five x values in zero field. Clearly, both the mag- 
nitude of p a b and its slope show a systematic decrease 
with increasing carrier concentration (decreasing x). We 
found that it is only at the optimum doping that p a b 
shows a perfect T-linear behavior. Figure 2 shows the 
temperature dependence of the slope dp a b/dT; only the 
a;=0.44 sample shows a constant dp a b/dT, which corre- 
sponds to the T-linear behavior, in a wide temperature 
range (from 300 K to 120 K). We note that a fitting of 
the p a b data of the x=0.44 sample to p a b=Po + AT gives 
the residual resistivity po of only 25 pQcm, which, to our 
knowledge, is the smallest value ever reported for pure 
Bi-2201 or BSLCO. 
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FIG. 2. T dependence of the slope dp a b/dT. The dashed 
line represents a constant slope (T-linear behavior). Inset: 
Plot of log(p a j,-po) vs logT for three x values to show the 
power-law dependence p a b=po + AT n , which is represented 
by dotted lines. 
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The underdoped samples (x=0.57 and 0.66) show a 
rather complex temperature dependence in p a b, which is 
similar to that of underdoped YBCO []l4]]; the behavior 
in underdoped YBCO is characterized by a downward 
deviation from the T-linear dependence and the presence 
of a maximum in dp a b /dT. Such a behavior has been cor- 
related to the opening of a pseudogap [Q. The broad 
maximum in dp a b/dT moves to higher temperature as the 
carrier concentration is decreased, which agrees with the 
conjecture that the pseudogap opens at higher temper- 
ature in more underdoped samples. On the other hand, 
the slope dp a b/dT of the overdoped samples (x=0.30 and 
0.24) monotonically decreases with decreasing tempera- 
ture. This reflects the fact that p a b of the overdoped 
samples behaves as p a b—Po + AT n with n larger than 1, 
a behavior reported in the overdoped samples of LSCO 
U and Tl 2 Ba 2 Cu0 6+< 5 (Tl-2201) ge|. The inset to Fig. 
2 shows that p a b{T) for cc=0.30 and 0.24 can actually be 
described by the power law with rt=1.14 and 1.27, respec- 
tively. Therefore, in both the underdoped and overdoped 
regions, the behavior of p a b(T) shows an evolution which 
can be considered to be "standard" for high-T c cuprates. 
This observation indicates that Bi-2201 is not an excep- 
tional system but rather is a promising system for the 
systematic study of the normal-state transport proper- 
ties. 
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FIG. 3. (a) T dependence of R H of the BSLCO crystals, 
(b) Plot of cot H vs T 2 (the data for x=0.30 and 0.24 are 
shifted down by 50 and 100, respectively, to avoid congestion). 
The solid line is a fit to the £=0.66 data. 

Figure 3(a) shows the temperature dependence of Rjj 
for the five samples. A clear evolution of Rjj with x is ob- 
served; the change in the magnitude of Rjj at 300 K sug- 
gests that the carrier concentration is actually reduced 
roughly by a factor of 3 upon increasing x from 0.24 to 
0.66. Figure 3(b) shows the plot of cot Oh (—Pxx/ pxy) vs 
T 2 . Only the data for x=0.66 can be fitted with a straight 
line in this plot, indicating that the T 2 law of cot Oh 



holds only in this most underdoped sample. We found 
that cot Or for other x values obey a power law T a with 
a smaller than 2, which is shown in Figs. 4 (a) - (d). The 
best powers are 1.85, 1.70, 1.65, and 1.60, for x =0.57, 
0.44, 0.30, and 0.24, respectively. In all the panels of Fig. 
4, the data are very well fitted with straight lines. There- 
fore, the power-law temperature dependence of the Hall 
scattering rate t^ 1 holds for every doping in BSLCO, but 
the power a shows a systematic decrease with increasing 
carrier concentration ]l7| |. A particularly intriguing fact 
here is that cot Oh of the optimally-doped sample changes 
as T 170 , not as T 2 , while p a b shows a good T-linear be- 
havior. This might mean that the "Fermi-liquid like" 
behavior of r^ 1 ~T 2 (which has been proposed to be the 
characteristic of spinons H) may not be a generic feature 
of the optimally-doped cuprates. 
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FIG. 4. Plots of cotd H vs T a for the data of (a) x=0.57, 
(b) a;=0.44, (c) £=0.30, and (d) £=0.24. The solid lines are 
fits to the data. 

Figure 5 shows the transverse and longitudinal MR of 
four of the samples, x=0.24, 0.44, 0.57, and 0.66. One 
may immediately notice a trend that the relative magni- 
tude of the longitudinal MR compared to the transverse 
MR increases with increasing x. (We omit the result of 
x=0.30 due to the limited space; the behavior of this sam- 
ple fits well into the trend.) Since it is expected that the 
longitudinal MR mostly comes from a spin contribution 
(while the transverse MR consists of both an orbital and 
the spin contribution), our result suggests that the role 
of spins in the transport becomes increasingly significant 
as the sample becomes more underdoped. 
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FIG. 5. Transverse MR (solid circles) and longitudinal MR 
(open circles) for (a) £=0.24, (b) £=0.44, (c) £=0.57, and (d) 
x=0.66. 

In passing, let us briefly mention our analysis to 
see if any scaling is applicable to the MR data. 
Firstly, we found that the classical Kohler's rule 
Ap/ p~(H/ p) 2 is strongly violated, as in other cuprates 
@|9|. We also found that the "modified Kohler's rule" 
Ap/ p~(cot 9h)~ 2 is not very well applicable to our data; 
this is different from the results for LSCO and YBCO 
p8| , p^| and might be related to the fact that cot 9h does 
not behave as T 2 except for the x=0.66 sample. The 
details of the MR analysis will be published elsewhere. 

The above results tell us altogether that the systemat- 
ics of the power law of the scattering rates (r t ~ ~T™ and 
r : H 1 ^T a ) needs to be reconsidered. In particular, t^ 1 
shows a tendency that the power a becomes systemati- 
cally smaller with increasing doping in the whole doping 
range studied. This observation, combined with the sys- 
tematic change of the longitudinal MR, might suggest 
that the T 2 law of r^ 1 is observable only when the spin 
contribution to the charge transport is strong. This in 
turn suggests that in Bi-2201 the role of spin degrees of 
freedom is already weakened at optimum doping, which 
might be the reason for the relatively low T c of this sys- 
tem. Interestingly, another single-layer cuprate Tl-2201 
shows a good T 2 dependence of t^ 1 at optimum dop- 
ing |(} and Tl-2201 has the maximum T c of 85 K. Fi- 
nally, because of the relatively wide temperature range in 
which the normal-state transport properties can be stud- 
ied, BSLCO system offers an ideal stage for the detailed 
study of the systematic evolution of the scattering times 
as well as other normal-state properties. 
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